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Abstract

During this grant we showed that stereolithography can
directly fabricate ceramic green bodies from ultraviolet (UV)
curable solutions which contain dispersed ceramic powders. We
demonstrated SLA of silica, a model refractory for metal casting
molds, and SLA of alumina, which is promising for structural
ceramics. Viscosity control for these highly concentrated
suspensions and cure depth behavior were the main issues for
fabricating a ceramic using stereolithography techniques. These
ceramic SLA suspensions were evaluated in a stereolithography
machine, and three-dimensional parts were built. Part building
parameters, D, and E;, were determined for this suspension.
Layer adhesion and subsequent processing resulted in good
ceramic parts.
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A. Scientific Research Goals

We were to develop a method for free form fabrication of ceramic
green bodies using stereolithography of fluid suspensions of ceramic
powders in photopolymerizable monomer solutions. With this method,
ceramic objects are built with existing commercial stereolithography
hardware and software, to allow ceramic prototypes to be made on these
machines without modifications. This was successful.

B. Significant results in the past vear

During this grant we showed that stereolithography can
directly fabricate ceramic green bodies from ultraviolet (UV)




curable solutions which contain dispersed ceramic powders. We
demonstrated SLA of silica, a model refractory for metal casting
molds, and SLA of alumina, which is promising for structural
ceramics. Viscosity control for these highly concentrated
suspensions and cure depth behavior were the main issues for
fabricating a ceramic using stereolithography techniques. These
ceramic SLA suspensions were evaluated in a stereolithography
machine, and three-dimensional parts were built. Part building
parameters, D, and E., were determined for this suspension.
Layer adhesion and subsequent processing resulted in good
ceramic parts. '

Accurate objects are readily fabricated by stereolithography
[SLA] from several choices of polymeric materials. We developed
methods to expand the menu of materials to include ceramic
materials for use as structural ceramics or for metal casting molds.
Our method involves dispersing ceramic powders within an
ultraviolet-curable solution. The suspension is used in the vat of
an SLA machine as a "ceramic resin". The UV cured polymer acts
as the binder to hold the ceramic particles together before firing.
During firing, the polymer is removed and the ceramic powder is
sintered, resulting in a ceramic part. In this paper we discuss the
SLA properties of silica "resins" and alumina "resins”, based on
two UV-curable solutions.

To fabricate a quality ceramic, the suspension must contain a
high ceramic solids content, about 50 v/o. These concentrated
suspensions can be very viscous, especially when sinterable
submicron ceramic powders are used. The suspension must be
reasonably fluid and self-leveling [no yield stress]. The starting
viscosity of the UV-curable solution is also very important. We
have explored two UV-curable media: a very fluid aqueous
solution and a relatively low viscosity diacrylate.  To keep the
viscosity low enough, the suspensions must be colloidally
stabilized to a high degree with appropriate dispersants tailored
for the particular powder surface chemistry and solution.

The critical SLA parameters cure depth [C4 ] and energy
density [E] are related to the resin properties Dp[penetration
depth] and E. [critical exposure] through the Beer-Lambert

equation:
E
Cy=D,In—

C
These same relations are obeyed for "ceramic resins". However
concentrated suspensions are very turbid, and the cure depth is



limited by scattering of the UV radiation, rather than by
adsorption. We find that the penetration depth for concentrated
suspensions can be related to the properties of the resin by:

The penetration depth is controlled by the particle size (d), is
inversely proportional to the volume fraction (¢) of ceramic and
strongly dependent upon refractive index difference between the
ceramic and the UV-curable solution, An. The term P is not yet
well understood, but seems to involve the interparticle spacing
and the UV wavelength. In most cases, a layer thickness of 200
microns or more could be achieved for the ceramic suspensions.
Values for stereolithography parameters and early results for
freeform fabrication of silica green bodies will be presented.

We used a silica powder as a model material for investment
casting refractories, and an alumina as a typical sinterable powder
with a submicron size. Several aqueous UV-curable solutions
were prepared to determine the influence of refractive index on
cure depth. The aqueous solution consisted of acrylamide and
methylene bisacrylamide monomers in a aqueous solvent mixture.
The diacrylate has the highest refractive index, 1.457, and
therefore the smallest An between the ceramic and the UV-
curable solution.

To prepare a high solids ceramic suspension, the monomers
and solvents are mixed in a shear mixer. Ceramic powder and
dispersants are added incrementally and the suspension is shear
mixed between each increment until a solids loading of
approximately 30 v/o 1is achieved. Further addition of ceramic
and dispersants is followed by ball milling for complete
homogenization and allow the dispersant(s) to stabilize the
suspension. After the maximum solids loading is reached, 40-50
vol%, the photoinitiator(s) are added and the suspension is ball
milled for several hours.

Initial testing of the cure properties were done with a
conveyorized ultraviolet lamp apparatus. Note, the two strongest
lines emitted by the lamp, 313 nm and 366 nm, correspond
closely to the wavelengths used in SLA machines, 312 nm for the
He-Cd laser and 351 nm for the Ar-ion laser. The exposure was
determined by wusing a radiometer. After exposure, the
polymerized sample was removed from the remaining uncured



suspension, and the cure depth was measured by optical or
electron microscopy.

Promising ceramic suspensions were tested in a SLA-250
machine using an Ar-ion laser. The critical exposure (E.) and
penetration depth (D,), were determined for each suspension with
the "windowpanes" test geometry(6). Each pane in this part
receives a different dose and the measured C4 versus dose was fit
to Equation 1 to determine D, and E.. Cure depths with the Ar-ion
laser were very close to cure depths with the UV lamp at the same
energy density. After preliminary determination of D, and E,
several three-dimensional parts were fabricated.

The attached preprints present the results of this work in
detail, which will not be repeated here. The reprint “Freeform
Fabrication of Ceramics via Stereolithography” (J. American
Ceramic Soc. 79 [10} 2601-608 (1996) present data on viscosity
and cure depth, and show green and sintered ceramic SLA objects.
Further theory and data on cure depth and light scattering are
discussed in the attached preprint “Scattering of ultraviolet
radiation in turbide suspensions” (J. Appied Physics, 81 (6) 2538-
46 (1997)).

Conclusions

Highly concentrated suspensions of ceramic powders in
photopolymerizable solutions can be cured by UV lamps or UV
laser. Cure depth is proportional to the logarithm of energy
through a Beer-Lambert relation, with the depth of penetration
limited by scattering of UV radiation. Depth of penetration is
inversely proportional to ceramic volume fraction and to the
square of the refractive index difference between the ceramic and
the suspension medium. Multilayer parts have been built using a
SLA-250 with an Ar-ion laser, with promising accurate parts with
good interlayer adhesion. Improved support structure and draw
styles should eliminate the curl problems at the beginning of the
build.

These first ceramic objects demonstrate the feasibility of
stereolithography for directly building green ceramic objects, both
for sintered structural ceramic parts and for refractory ceramic
shells and cores for metal casting.

This work resulted in a U.S. patent application "Stereolithography
Resin for Rapid Prototyping of Ceramics and Metals", M.G. Griffith, J. W.
Halloran, and T-M Chu, but in 1997 the Patent Office did not allow this
patent.




Work after the 1993 Grant

Research on this topic continued until December 1996 under a
successor program NO00014-95-1-0527. With ARPA funding, we acquired
a 3D Systems SLA 250/40 stereolithography apparatus. This was used
by Allan Brady, who is finishing a PhD thesis at Michigan. As a result of
Brady’s research, the SLA is routinely used to build ceramics with good
accuracy and outstanding shape capability. These SLA ceramic objects
can be seen at the web site:
msewww.engin.umich.edu/People/Halloran/SL/ceramicsla.html
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Freeform Fabrication of Ceramics via Stereolithography

Michelle L. Griffith™" and John W. Halloran’

Department of Materials Science and Engineering, The University of Michigan, Ann Arbor, Michigan 48109-2136

Ceramic green bodies can be created using stereolithogra-
phy methods where a ceramic suspension consisting of 0.40-
0.55 volume fraction ceramic powder is dispersed within an
ultraviolet-curable solution. Three ceramic materials were
investigated: silica for investment casting purposes, and alu-
mina and silicon nitride for structural parts. After mixing
the powders in the curable solution, the ceramic suspension
is photocured, layer by layer, fabricating a three-dimensional
ceramic green body. Subsequent binder removal results in a
sintered ceramic part. Three-dimensional objects have been
fabricated from a 0.50 volume fraction silica suspension.

I. Introduction

REEFORM fabrication involves shaping without the use of

molds or tooling and has been accomplished with ceramics
by selective laser sintering' and three-dimensional printing?
techniques. Stereolithography (SL) is currently the most popu-
lar method for freeform fabrication,>* but SL has not been used
to produce ceramics. Stereolithography creates a solid body by
scanning a laser beam on a liquid monomer, curing it in a line-
by-line, layer-by-layer sequence.’ Stereolithography machines
or apparatuses (SLA), such as the SLA-250 and SLA-500 (3D
Systems, Valencia, CA) are widely used with photopolymer-
izable polymers, including acrylates and epoxies. We have
extended the stereolithography method so it can be used for
freeform fabrication of ceramics, including structural ceramics
such as alumina or silicon nitride and refractories such as silica-
based shells and cores for investment casting. This is done via
ultraviolet (UV) curing of a highly concentrated suspension
of ceramic particles in a photopolymerizable liquid. The
UV-curable liquid creates the polymer binder to form a net
shape ceramic green part without the need of molds. The green
part can be given a conventional binder burnout and sintering
treatment.

“Stereolithography,” invented by Chuck Hull,® was one of the
first freeform fabrication technologies. This technique involves
the polymerization of liquid monomers from exposure to ultra-
violet radiation from a laser.” Figure 1 shows a schematic of the
apparatus. With a stereolithography machine, a three-dimensional
(3D) part is fabricated in a layer-by-layer process. First, a 3D
computer image is sliced into many cross-sectional layers 150-
200 pm thick. Using the information of each slice, laser radia-
tion is scanned on the surface of the liquid monomer to draw
the layer. As the laser scans the surface, the monomer is photo-
cured to a polymer, where the polymerization depth is con-
trolled by the radiation exposure (mJ/cm?) and set to the layer
thickness. When the layer is finished, the support platform and
first layer move downward into the vat of liquid monomer resin.
The liquid monomer flows across the first polymerized layer,
and to ensure the second layer of monomer is of the desired

C. F. Zukoski—contributing editor

Manuscript No. 192329. Received September 11, 1995: approved March 28, 1996.
Supported by the Office of Naval Research under Grant No. N00014-913-1-0302.
‘Member, American Ceramic Society.

'Now at Sandia National Laboratories, Albuquerque, New Mexico 87185.
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thickness, a recoat blade moves across the surface. The laser
scans this new surface, polymerizing the second layer. This
process is repeated many times until the part is finished. When
part building is done, the platform is raised and the solid poly-
mer part emerges from the vat.

A candidate ceramic stereolithography suspension must sat-
isfy several requirements. Since a high-quality ceramic is the
goal, the freeform ceramic green body must have a high density,
either for its refractory properties or so it can be readily sin-
terable to form a dense ceramic. The SLA suspension, at a
0.50-0.65 solids volume fraction, is a highly concentrated sus-
pension, which must have a relatively low viscosity, preferably
with no pronounced yield point. To operate in an SLA resin
tank, the ceramic SLA suspension must be at least as fluid as
conventional SLA resins (viscosity less than 3000 mPa-s) for
proper flow during recoat of the new layer.® Obtaining effective
dispersion for submicrometer powders requires careful design
of the colloidal dispersant system. The viscosity of the pure
monomer resin is extremely important. A lower starting viscos-
ity usually results in a lower final viscosity for the suspension.
Thus suspensions were prepared in low-viscosity UV-curable
liquids, and dispersants were carefully selected to control the
colloidal chemistry, and therefore the rheology.

The stereolithography apparatus builds parts from layers
150-200 wm thick. It is necessary that the cure depth of these
highly loaded suspensions be equal to or greater than 150—
200 wm after exposure to ultraviolet radiation in order to fabri-
cate a ceramic green body in a sufficient amount of time. This
concentrated ceramic suspension must be sufficiently transpar-
ent to ultraviolet radiation to permit an acceptable depth of
cure. Powder suspensions can have a very high turbidity due to
radiation scattering, even if the ceramic itself is transparent
to UV. The scattering-induced turbidity limits the distance of
penetration of the UV radiation into the suspension, and largely
determines the depth of cure, C, for a ceramic suspension. The
depth of cure can be modeled by assuming it to be the depth at
which the UV beam is attenuated from the incident intensity
(E,) down to the minimum intensity required to achieve pho-
tocuring (E,) for the particular photoinitiator/monomer system.
This can be derived from the Beer—Lambert law:®

d1 . [E,
Coxgpln [e—] M

where the cure depth is proportional to the average particle

[ 1aser |->|shaping| SN\ XY scanner

support platform

polymerized model

\

Fig. 1. Schematic of the 3D Systems’ stereolithography apparatus
(SLA) for fabrication of three-dimensional objects.

>
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Table I. Particle Size (d) and Refractive Index (n) for Ceramic Powders

Density

Refractive index

Material (g/mL) dy, (pm) d)y (pm) dyo (pm) n at 366 nm
Silica’ 2.65 2.29" 0.79 8.70 1.56
Silicon nitride* 3.24 0.44% 0.10 0.78 2.10
Alumina AKP-50% 3.96 046" 0.30 0.63 1.70
Alumina AKP-15% 3.96 0.61" 0.41 0.93 1.70
Alumina RC-HP' 3.96 0.34% 0.18 0.60 1.70

‘a-quartz, Atlantic Equipment Engineering, Bergenfield. NJ. ‘UBE E10, UBE Industries. Tokyo, Japan. *AKP-15 and AKP-50
grades, Sumitomo Chemical, Tokyo, Japan. 'RC-HP, Reynolds, from Malakoff Industries. Malakoff, TX. "MICROTRAC
particle size analyzer, Leeds & Northrop, North Wales, PA. **Particle size distribution analyzer, Model No. CAPA-700. Horiba,

Irvine. CA.

size (d) and the logarithm of the exposure (E,) and inversely
proportional to the volume fraction ceramic (¢). The materials’
scattering ability is described in the scattering efficiency term
0, where Q is a function of the refractive index difference
between the ceramic and the UV-curable solution:

Q = BAn® ()

Therefore, the cure depth is inversely proportional to An* =
(Moeramic — Meoniion)’> Where 1 is the refractive index. The term B
is related to the particle size and the wavelength of the radiation,
and this will be discussed later in the paper.

One important feature is the choice of the photoinitiator
system. Photoinitiators react with the ultraviolet radiation and
initiate polymerization. The absorptivity must be tuned to the par-
ticular UV wavelength and the concentration maximized for effi-
cient photopolymerization through the depth of the suspension.™

The most important part of the SLA ceramic suspension
is the ability to fabricate three-dimensional ceramic objects.
Issues including shape integrity and adhesion between layers
will be discussed.

II. Experimental Procedure

(1) Characteristics of the Ceramic Powders

Three ceramic materials were investigated in this research.
Table I shows the particle size, density, and refractive index of
the powders. Silica was chosen as a model material for invest-
ment casting applications. As is typical with investment casting
refractory materials, the particle size was large and had a broad
particle size distribution to improve the packing density. This
silica powder was a milled quartz with a median particle size of
2.3 wm. The silicon nitride was a diimide-derived powder with
a median particle size of 0.44 um. Several alumina powders
were used, including a high-purity bali-milled Bayer alumina
(0.34 pm median, Reynolds’ RC-HP) and two precipitated
aluminas (0.46 and 0.61 pwm, Sumitomo AKP-50 and AKP-15).

Table I also includes the refractive index information for
silica," silicon nitride,'" and alumina."? The absorption edges
are far below 313-370 nm UV wavelength range, so these three
materials should be transparent to the UV radiation.

(2) Photopolymerizable Solutions

A photopolymerizable solution contains two or more materi-
als. The minimum two materials are monomer(s) and photo-
initiator(s). Nonreactive solvents may be added to reduce the
viscosity. since most of the photomonomers have high viscos-
ities. on the order of tens to thousands of mPa-s. Curing a
monomer-solvent system creates a gel, which should have less
polymerization shrinkage and easier binder removal upon
firing.

The cured resin is the final product for conventional stereo-
lithography. so cured resin properties are critical. For ceramic
stereolithography, the photopolymer is only a binder for the
ceramic particles in the green body, and the cured resin does
not have to be very strong to impart adequate strength to the
green ceramic. The polymer will later be removed, so its con-
centration should be minimized.

Two formulations of UV-curable solutions were examined:
an aqueous acrylamide-based solution and a nonaqueous dia-
crylate. The aqueous acrylamide solution was a 9:1 mixture of
acrylamide and methylenebisacrylamide in 0.50—0.70 volume
fraction water, similar to a “gelcasting” formulation,"*"* with
the thermal initiators replaced with photoinitiators. This solu-
tion was further modified to vary the refractive index. Table II
shows the refractive indices of the aqueous solutions, which
were varied over the range 1.38-1.44 using mixtures of water
(n = 1.33) and ethylene glycol (n = 1.43). The refractive index
was measured by Abbey refractometry (Valentine Precision
model, Industro Scientific, North Merrick, NY). The nonaque-
ous diacrylate is based upon the common monomer hexane diol
diacrylate [HDDA], which is the 1-6 hexamethylene ester of
acrylic acid (2-propenoic acid). The refractive index of the
diacrylate is shown in Table II. This diacrylate is more viscous
(6—12 mPa-s) than the aqueous media (1 mPa-s), but has a
higher refractive index, and offers a good compromise between
reactivity and low viscosity. It is similar to the usual acrylic
ester-based monomers used in conventional stereolithography.
Acrylate polymers are commonly used as ceramic binders.

(3) Preparing the Concentrated Ceramic Suspension

To prepare the suspensions, the UV-curable solution was
prepared first, without the photoinitiators, and the ceramic pow-
der (plus dispersants) was added incrementally. Up to about
0.30-0.35 solids loading, the suspension was mixed and
homogenized in a high speed shear mixer. Above 0.35 volume
fraction ceramic, more time was required for the dispersants to
adsorb and colloidally stabilize the suspension, so ball milling
was preferred for mixing and homogenization. When the maxi-
mum solids loading had been reached, the photoinitiators were
added, and the suspension was ball-milled for 5 h to thoroughly
mix the photoinitiators.

(4) Ultraviolet Curing of the Ceramic Suspensions

The curing behavior of the suspensions was first tested in
a simple lamp apparatus (Hanovia UV Laboratory System,
Hanovia, NJ). The ultraviolet curing apparatus consists of an
ozone-free low-pressure mercury UV lamp enclosed in a hous-
ing with a conveyor belt to carry the samples under the lamp for
exposure. The exposure dose of UV radiation was controlled
with the conveyor speed and lamp setting, and measured with a
radiometer (IL390B, International Light, Newburyport, NJ).
The two main intensities of this UV lamp (313 and 366 nm)
correspond to the laser intensities for the two SLA models

Table II. Refractive Index (n) and Viscosity for the
Ultraviolet-Curable Solutions

Ultraviolet-curable Refractive index Viscosity

solution (n) (mPa-s)’
Aqueous 1 1.382 ~1
Aqueous 2 1.399 ~1
Aqueous 3 1.415 ~1
Aqueous 4 1.418 ~1
Aqueous 5 1.441 ~1
Diacrylate, HDDA 1.457 6

‘Shear rate = 357",
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was passed through the apparatus and exposed to 100-5200
mJ/cm?® ultraviolet radiation over a period of 2-10 s. After
exposure, the polymerized layer was lifted off of the uncured
suspension and rinsed. The cure depth was measured on the
dried film by either optical or scanning electron microscopy.

Promising ceramic suspensions, with low viscosities and
large cure depths, were tested in a stereolithography apparatus,
Model SLA-250 with an Ar-ion laser (351 nm). For all ceramic
suspensions, the first experiment was to fabricate “window-
panes” test parts,'® illustrated in Fig. 2, to test for shape integ-
rity. The laser scans the surface of the suspension to draw the
three horizontal lines, followed by the outline of the “panes.”
Next the laser scans the interior of each pane at different scan-
ning velocities so that each pane receives a different dose. After
fabrication of the windowpanes, the cured part was removed
from the rest of the uncured suspension and rinsed in either
deionized water for the aqueous suspensions or ethanol for the
acrylate suspension. Each windowpane thickness was measured
with a micrometer to obtain the cure depth.

For three-dimensional parts, the stereolithography file ‘Box’
was used to fabricate a ceramic green body. Figure 3 shows the
object, a hollow 2.54 cm (1 in.) cubed box with a 45° angle cut
into one side. Before the box is fabricated, a support structure
or scaffold is fabricated for easy removal of the 3D object from
the support platform. The scaffold was designed by Bridge-
works (Solid Concepts, Valencia, CA) software.

III. Results and Discussion

(1) Viscosity of the Concentrated Ceramic Suspensions

All ceramic powders were easy to disperse in the aqueous
UV-curable solutions. The colloidal chemistry is better under-
stood for aqueous suspensions,'®® whether acidic (silica) or
basic (alumina, silicon nitride) powders are chosen. Figure 4
shows the viscosity versus solids loading for silica dispersed
in the lowest refractive index aqueous solution (aqueous 1).

Fig. 3. Line drawing of the stereolithography file “box.” The hollow
box 1s 2.54 cm (1 in.) cube, with 3.2 mm (1/8 in.) wall thickness, and a
45° angle cut into one side.

Volume Fraction Silica

Fig. 4. Viscosity versus volume fraction silica added to aqueous solu-
tion 1 with n = 1.382.

As expected, the viscosity increases as the solids loading
increases;?' however, the suspension’s viscosity at 0.50 solids
loading is 120 mPa-s for a shear rate of 30 s™'. This is well
below the upper limit of 3000 mPa-s.

All suspensions are shear thinning, as shown in Fig. 5 for 50
vol% silica dispersed in two aqueous solutions (Nos. 1 and 4).
The effective yield stresses for the aqueous suspensions are
quite low, about 185 mPa, thereby promoting correct layer
recoating. Table III shows the suspensions studied, the maxi-
mum solids loading, and the low shear rate viscosity of the
ceramic suspensions.

The acrylate suspensions were exceedingly viscous, with
viscosities greater than 3000 mPa-s for low shear rates at solids
loadings less than 0.30. It is much more difficult to disperse
ceramics in nonaqueous solutions,”” but a 0.40 alumina solids
loading in HDDA was achieved with a viscosity of 3000 mPa-s
(shearrate = 6s7').

(2) Ultraviolet Curing of Concentrated Ceramic
Suspensions

For fabrication of ceramic green bodies via stereolithography
to be feasible, the minimum cure depth per layer must be
approximately 200 wm. Many users of the stereolithography
apparatus cure polymer layers of 150 pm; this allows for
smoother surfaces and finer features to be fabricated.

450 -
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400 R —e— Aqusous 1
! - -9 - - Aqueous 4
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E 300
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> 200
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........... .
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Y =83 mPa
eft
100 EE
0 10 20 30 40 50 60
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Fig. 5. Viscosity versus shear rate for 0.50 solids loading silica in
two aqueous solutions, Aqueous 1 (n = 1.382) and Aqueous 4 (n =
1.418). Both suspensions have low yield point, Y., values.
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Table III. Maximum Solids Loading for Ceramic Suspensions and
Corresponding Viscosities
Maximum solids ceramic Ultraviolet-curable solution Viscosity (mPa-s)’

0.50 silica (d = 2.29 pm) All aqueous (n = 1.382-1.441) 200-500

0.50 alumina (d = 0.46 and 0.61 pum) Aqueous 1 (n = 1.382) 500

0.40 alumina (d = 0.34 pm) HDDA (n = 1.457) 3000

‘Shear rate = 357"
(A) Silica: Of the three materials, the cure depth of the 1000 B
silica suspensions should be the largest since silica has the 0.50 vol. fraction silica
smallest refractive index (n = 1.56). Figure 6 shows the cure in aqueous solutions .
depth versus inverse volume fraction silica added to the aque- . Boop —
ous solution with a refractive index of 1.3824 (No. 1). As £ I -
expected from the Beer-Lambert law and Eq. (1), the cure 3 I n,= 1441 -~ * M
depth decreases as more silica is added to the suspension. At @ 600 [ '
0.50 solids loading of silica, the cure depth is greater than the 3 I
minimum requirement, where C; = 360 um at an exposure -« .l n =1.418.
dose of 1500 mJ/cm?. Even at 0.55 volume fraction, the cure © a0k o $? .
depth is above 200 pm, where C, = 330 pm. s - e ¢
The cure depth is reasonable for 0.50 solids loading silica & . . -1 -

dispersed in the lowest refractive index solution, but a larger e 200 N n =1382 -
value would allow the SLA operator to choose the layer thick- L sl i
ness. Figure 7 shows the cure depth versus dose for 0.50 solids .
loading of silica dispersed in a variety of aqueous UV-curable y
solutions. As the refractive index difference decreases from 0
An® = 0.0317 to 0.0142, the cure depth increases from 250 to 100 1000 10000

700 pm for a dose of 1500 mJi/cm?. A small change in refractive
index for the UV-curable solution (4%) results in a 3-fold
increase in the cure depth. Note, the cure depth versus the log
of the exposure shows linear behavior as predicted from Eq. (1).

In stereolithography the dose is usually less than 500 mJ/cm?.
These low doses cannot be achieved with the lamp apparatus,
and therefore it was necessary to study the cure depth behavior
at low doses in an SLA. Figure 8 shows the cure behavior for
two ceramic suspensions: 0.50 solids loading of silica added to
an aqueous solution (n = 1.418) and 0.40 solids loading of
alumina added to the diacrylate. At large doses, the cure depth
is nearly the same as the lamp results for the silica suspension.
Therefore, the lamp accurately models the cure behavior for
these concentrated suspensions.

In Fig. 8, there are different regions of cure depth behavior.
At doses above 300 mJ/cm?, the cure behavior is linear and
similar to the lamp results. For the silica suspension at doses

Dose (mJ/cm?)

Fig. 7. Cure depth versus exposure dose for 0.50 volume fraction
silica dispersed in three aqueous UV-curable solutions.

lower than 300 mJ/cm?, the cure depth has linear behavior, but
with a different slope. For very low doses, less than 80 mJ/cm?,
the cure depth is most likely arrested by oxygen inhibition.”
For the middle dose region, 80-300 mJ/cm?, the cure behavior
is more likely in an anaerobic condition,? where the polymer-
ization rate strongly affects the cure depth as well as radiation
scattering by the ceramic particles. At large doses, £, > 300
mJ/cm?, the cure behavior is dominated by the scattering effects
of the ceramic particles, whereas the photoinitiation rate satu-
rates, producing enough free radicals for the polymerization
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Fig. 6. Cure depth (C,) versus volume fraction (1/1¢) for three ceramic suspensions. where all curves exhibit linear behavior. The silica and
alumina powders are dispersed in the aqueous solution with a refractive index of 1.382 and the silicon nitride powder dispersed in the diacrylate.
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Fig.8. Cure depth behavior over a wide exposure dose range for
silica and alumina suspensions cured in stereolithography apparatus.

reaction, and is a secondary effect on the cure depth. The
important point is the cure depth at doses as low as 50 mJ/cm?
is still greater than 200 wm.

The alumina—diacrylate suspension shows a pronounced
change in cure depth for doses less than 300 mJ/cm?, similar to
the silica—aqueous suspension. Oxygen inhibition most likely
affects the low dose behavior for diacrylate solutions.?*

(B) Alumina: Different grades of alumina were used in
the UV-curable solutions to determine the effect of particle size
on the cure depth. Figure 6 shows the cure depth versus inverse
volume fraction alumina (two grades) added to the low refrac-
tive index aqueous solution (No. 1). At 0.50 solids loading and
a dose of 1500 mJ/cm?, both suspensions have cure depths
greater than 200 pm. The smaller particle size alumina had a
larger cure depth, 400 versus 300 wm. Table IV shows the
results for different grades of alumina dispersed in a variety of
aqueous UV-curable solutions, and particle size effects will be
discussed later in this paper.

Windowpanes were fabricated from a 0.40 volume fraction
alumina in the diacrylate solution. Figure 9 shows two represen-
tative panes from the windowpane. Note the spatial integrity
with accurate laser lines and rectangular sections. The experi-
mental panes are larger than the expected dimensions due to
more side scattering in turbid suspensions. This error (5-15%)
could be easily compensated for in the laser scanning pattern.
Figure 8 shows the cure depth behavior for this suspension,
where the necessary cure depth is achievable for doses larger
than 300 mJ/cm®. The green alumina windowpanes were slowly
heated to 600°C to remove the polymers and then fired at
1550°C to sinter the alumina. Figure 10 shows the resulting
microstructure of fully dense alumina.

Another requirement for stereolithography of ceramics is
the layers must not be evident after firing of the green body.
Figure 11(a) shows a sintered two-layer alumina part. The 0.40
volume fraction alumina in diacrylate suspension was tape cast
with a thickness of 100 wm. The first layer was cured, and then
another 100 pm was tape cast and cured. The alumina green
body was sintered, and Figs. 11(a) and (b) show the fracture

Freeform Fabrication of Ceramics via Stereolithography 2605

Fig. 9. Two representative panes built on SLA-250 with Ar-ion laser.
Panes were fabricated from 0.40 volume fraction alumina (d =
0.34 wm) in the diacrylate.

Fig. 10. Sintered alumina windowpane showing fully dense micro-
structure with grain sizes between 1 and 2 pm.

surface of the two-layer alumina part. The interface of the layer
is not visible as shown in Fig. 11(b).

(C) Silicon Nitride: Silicon nitride has a high refractive
index, n = 2.1, which resulted in poor cure depths when dis-
persed in the aqueous UV-curable solution. At 0.10 solids load-
ing in the solution with n = 1.382, the cure depth was only
21 pm, and the cure depth decreased to 10 wm at a 0.20 solids
loading. Even though a fluid 0.50 volume fraction silicon nitride
suspension was achievable, the system was not studied further
because of the low cure depth behavior.

Table IV. Cure Depth for 0.50 Solids Loading Alumina Dispersed in Aqueous UV-Curable Solutions

Ultraviolet-curable

Cure depth (nm)

Alumina aqueous solution 1500 mJ/em? 5170 mJ/em?
AKP-50 (d = 0.46 pm) Aqueous 1 (7 = 1.382) 400 = 25
AKP-15 (d = 0.61 pm) Aqueous 1 (n = 1.382) 300 = 25 400 = 30
Reynolds (d = 0.34 um) Aqueous 4 (n = 1.418) 450 = 30 600 = 30

ot
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(b)

Fig. 11. (a) Low-magnification micrograph of fracture surface for sintered two-layer alumina part. (b) High-magnification micrograph showing the

interface of the individual layers which cannot be resolved.

Figure 6 shows the cure depth versus inverse solids loading
in the diacrylate, where An? = 0.413, a 11% decrease from the
aqueous suspension. At 0.30 solids loading, the cure depth was
60 m, an improvement over the aqueous suspension but well
below the necessary 200 pm.

(3) SLA Silica Parts

For the fabrication of the first ceramic green body using
stereolithography, 0.50 volume fraction silica was dispersed in
the aqueous solution with n = 1.418 (see Fig. 7). Figure 12
shows the first silica box fabricated by stereolithography. This
136-layer box was built in about 4 h, where each layer was
150 wm thick. Because of time requirements, the box was
started 0.635 cm (1/4 in.) from the bottom of the design; there-
fore, in the z-direction the box should be 1.905 cm (3/4 in.) tall.
Note, the sides and the 45° angle were built accurately, where
the x and y dimensions were 2.545 cm (1.002 in.) each. This
represents an error of 50 pm, which can easily be compensated
for during the laser scanning sequence.

1.0 cm |
S

Fig. 12. First stereolithography part built using Michigan ceramic
stereolithography suspension. Ceramic green body is 0.50 volume frac-
tion silica cured in aqueous gel (2 = 1.418). Box consists of 136 layers,
each 150 wm thick.

Figure 13 shows a side view of the two silica boxes fabricated
on the SLA-250. At the beginning of build, the layers curled
because of polymerization shrinkage. This is most likely due to
the laser draw style?”” where the polymerization shrinkage and
curl behavior can be minimized by the choice of scanning
sequence or space filling routine. The simple draw style chosen
for the first attempt promoted curl in the beginning of the build
which was evident until the 20th layer, after which the cured
body was sufficiently rigid so the new polymerizing layer can-
not cause further distortion. Subsequent research will determine
the correct scanning sequence (SLA work performed over a
3 day period at 3D Systems in Valencia, CA).

The box tops are slightly rounded because the recoat blade
was not used during the fabrication of the parts (modified resin
vat for small suspension volume). After a layer was cured, the
support platform was lowered into the fluid suspension, and the
new layer flowed on top of the cured layer. Time was allowed
for the suspension to equilibrate, creating a smooth layer ready

1.0cem

Fig. 13. Side view of two silica boxes built on SLA. Curl behavior is
apparent at the beginning of build due to scanning style of the laser,
whereas the slightly rounded tops are due to no recoat step during
fabrication. The sides and 45° angles were accurately built.

-
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100 pm

Fig. 14. Micrograph of silica box exterior, showing “knitting” of
three layers. The arrows represent the interface of two layers, where
the layers are not distinguishable.

for exposure. A time of 45 s was insufficient for the layers of
the box top to equilize to a flat layer.

Figure 14 shows the adhesion between the individual layers
for the silica box. Arrows point to a possible layer interface, but
the interface is barely distinguishable. Note, in the picture there
should be three layer interfaces which are not visible. There-
fore, there is no problem with knitting the layers in the photo-
polymerization of a highly concentrated ceramic suspensions.

(4) Theory

The curing behavior of ceramic suspension can be modeled
with Egs. (1) and (2), which are derived and discussed in detail
elsewhere.® Three linear relationships are expected for highly
concentrated suspensions which scatter radiation. First, the cure
depth should be linearly proportional to the logarithm of the
exposure dose, and previous figures (Figs. 7 and 8) show this
behavior. Note, for the SLA curves, only the large exposure
dose regions are considered because this is the scattering lim-
ited region. Secondly, the cure depth should be inversely pro-
portional to the volume fraction solid, 1/¢. Figure 6 shows
C, vs 1/ for a variety of ceramic suspensions, for silica and
two alumina powders in the aqueous acrylamide solution, and
silicon nitride in the diacrylate. All the data have a reasonably
linear fit. Although we could not prepare a fluid 0.50 volume
fraction silicon nitride suspension in the diacrylate, we can
predict that the cure depth at this volume fraction should be
Cy = 40 pm. Thirdly, cure depth should be inversely propor-
tional to the square of the refractive index difference, An’.
Figure 15 shows the cure depth of 0.50 volume fraction silica in
five aqueous solutions as a function of the inverse of the refrac-
tive index difference, 1/An?, demonstrating a good linear fit.

Particle size should play an important role, since it is well
known that the particle size influences the scattering of the
radiation.”? The behavior of highly concentrated suspensions
is not well understood. Figure 6 showed the cure depth
increased for the smaller particle size alumina. We have not
been able to reconcile this with simple scattering theories, such
as Rayleigh-Gans or Mie theory, which relate the scattering
to particle size for very dilute suspensions. For these highly
concentrated suspensions, however, we find empirically that it
is the ratio of the interparticle spacing (S) to the wavelength of
the radiation (\) that influences the cure depth, where § =
S/\. The scattering equation (Eq. (1)) using O = (S/\)(An?),
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Fig. 15. Cure depth versus refractive index difference for 0.50 vol-
ume fraction silica dispersed in five aqueous UV-curable solutions.

accurately predicts the magnitude of the cure depth for these
concentrated ceramic suspensions. Full details describing the
theory and prediction of cure behavior for concentrated ceramic
suspensions are described elsewhere.’

IV. Conclusions

Freeform fabrication of ceramics can be done with stereo-
lithography using concentrated suspensions of powder in photo-
polymerizable media. Aqueous acrylamide-based suspensions
have been demonstrated for alumina and for silica with viscosi-
ties below 500 mPa-s and cure depths above 300 pm at a
dose of 1500 mJ/cm?. These are adequate for useful fabrication
by stereolithography. An acrylamide suspension of silicon
nitride was fluid, but had insufficient depth of cure. Nonaqueous
diacrylate-based suspensions have higher cure depths, but
higher viscosities.

The first ceramic stereolithography part was built from a 0.50
volume fraction silica suspension in the aqueous acrylamide
system using an SLA-250 with an Ar ion laser. This part was a
box-shaped component with 136 layers, each 150 um thick.
Interlayer adhesion was adequate. Stereolithography test parts
from alumina in the diacrylate system readily sintered to full
density at 1550°C. Interlayer boundaries could not be distin-
guished in the sintered alumina.

Depth of cure can be modeled with a modified Beer—Lambert
law, assuming scattering to be the primary mechanism. Cure
depth is proportional to the logarithm of dose, inversely propor-
tional to volume fraction ceramic, and inversely proportional
to the square of the refractive index difference between the
ceramic powder and the medium.
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Scattering of ultraviolet radiation in turbid suspensions
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A Beer’s law expression for the penetration depth of ultraviolet radiation in a concentrated
suspension of scattering particles is used to model the depth of cure for a suspension of ceramic
particles in a medium of photocurable monomers. The cure depth is predominantly controlled by
the square of the refractive index difference between the ceramic particles and the medium,
An*=(n P ny)?. A secondary effect on the cure depth is the ratio of the interparticle spacing to the
ultraviolet wavelength. Theoretical results agree with experimental data for 0.40-0.50 volume
fraction ceramic-filled suspensions. © 1997 American Institute of Physics.
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I. INTRODUCTION

The interaction between radiation and particles has been
investigated for a variety of phenomena including the scat-
tering of visible light resulting in blue skies and red sunsets.'
For particles that are much smaller than the radiation wave-
length, scattering behavior is governed by the polarizability
tensor,? and particles of simple shape that are much larger
than the wavelength may be treated by a combination of
geometric optics and Fraunhofer diffraction.” Complex theo-
retical models are needed to solve the problem for particles
of intermediate size.* We consider here the penetration of
ultraviolet (UV) radiation in a very concentrated suspension
(containing up to 0.50 volume fraction particles) for which
no simple expressions are available.> Our particular interest
is the case where the particle diameter is similar to the ra-
diation wavelength (dx\). For this case, scattering theories
describe the interaction of a single object, usually a sphere.
suspended in a medium’® and cannot be simply applied to
concentrated suspensions. For example, the multi-particle
scattering equations of Mie®’ are limited to very dilute sus-
pensions (less than 0.10 solids loading particles), so Mie
theory does not accurately describe multiparticle interactions
for highly filled suspensions.

It would be advantageous to have a simple expression to
describe this radiation interaction. This is particularly rel-
evant for photopolymerization of concentrated suspensions
of ceramic powders, which has been used for freeform fab-
rication of ceramics by stereolithography techniques.®~*! Ste-
reolithography produces very accurate three dimensional
polymer parts”‘” by photopolymerization of a liquid resin
with a computer-controlled UV laser. The plastic object is
built from a sequence of thin layers about 200 um thick. The
depth of cure, D_, or the resin polymerized by the UV laser
radiation is a critical parameter. A conventional resin is an
absorbing medium, and the attenuation of the UV energy
with depth can be accurately modeled with Beer’s law:

E=Eq exp(— L)
relating energy density (E) to depth (L) through the extinc-

JPresent address: Sandia National Laboratories. P.O. Box 5800, MS 0958,
Albuquerque, NM 87185 Electronic mail: mlgriff@sandia.gov
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tion coefficient (). The cure depth (D,) is the distance re-
quired to attenuate E to the minimum energy density (E )
required for photopolymerization or gellation of the resin, so
the cure depth can be described by

Dc= [ l/y]ln(EO /Ecrit)~

Thus the extinction coefficient links cure depth to laser in-
tensity and scan speed and is a vital parameter for stere-
olithography.

The polymerization depth is reduced by dispersing ce-
ramic powders in a UV-curable medium. For ceramic vol-
ume fractions above about 0.10, the cure depth is controlled
by the scattering of the UV radiation. It will be shown that
the cure depth of turbid ceramic suspensions can be modeled
accurately with an equation of the form:

o 2D n

E, )
¢ 30 An? " E
where (d) is the average particle size, An® is the square of
the refractive index difference between the ceramic and the
medium [An2=(np-n0)i], ¢ the volume fraction solids, E
the energy density, and Q is the scattering efficiency term.
This equation is a Beer’s law expression with an effective
extinction coefficient, y.;=3QAn>/2(d)n.

This article will cover the general aspects of scattering in
relation to particle characteristics, medium characteristics,
and regions where scattering or absorption dominate. Theo-
retical results will be compared to experimental data for
highly concentrated ceramic suspensions.

il. EXPERIMENT

Details of the experimental work are discussed
elsewhere.!>!® This article contains the necessary informa-
tion related to understanding the photopolymerization behav-
ior of highly concentrated ceramic suspensions.

A. Ceramic suspensions

Ceramic suspensions were made by dispersing ceramic
powders in UV-curable solutions. Three ceramic materials
were investigated.

© © 1997 American Institute of Physics




& Yo
N b

e e by

sl

TABLE 1. Particle size (d), density, and refractive index (n) for ceramic powders.

50th percentile 10th percentile 90th percentiie
Density particle size particle size particle size Refractive
Ceramic (g/em?) (d) (um) dyp (um) dgo (um) index, 7,
Silica? 2.65 2.29° 0.79 8.70 1.56
Silicon nitride” 3.24 0.44f 0.10 0.78 2.10
Alumina“ 3.96 0.46° 0.30 0.63 1.70
AKP-50
Alumina® 3.96 0.61° 0.41 0.93 1.70
AKP-15
Alumina® 3.96 034" 0.18 0.60 1.70
RC-HP

*a-quartz, Atlantic Equipment Engineering, Bergenfield, NJ.

*UBE E10, UBE Industries, Tokyo, Japan.

°AKP-15 and AKP-50 grades, Sumitomo Chemical, Tokyo, Japan.

9Reynolds RC-HP, Malakoff Industries, Malakoff, TX.

*MICROTRAC particle size analyzer, Leeds & Northrop, North Wales, PA.
fParticle size distribution analyzer, Model #CAPA-700, Horiba, Irvine, CA.

(1) silica, a low refractive index ceramic for investment
casting applications,

(2) alumina, with a medium refractive index for structural
ceramics, and

(3) silicon nitride, a high refractive index material also used
for structural ceramic applications.

Table I shows the particle size, density, and refractive index
for these ceramic powders.”'18
Two varieties of UV-curable solutions were prepared:

(1) aqueous solutions using acrylamide monomers, similar
to the ‘‘gel casting”’ formulation'®?® with the thermal
initiators replaced by photoinitiators, and

(2) a low viscosity diacrylate monomer, hexane diol diacry-
late, similar to existing monomer resins used in stere-
olithography.

Table II shows the refractive index values for the constitu-
ents and for the different UV-curable solutions (measured by
Abbey refractometry). It was possible to vary the refractive
index of the aqueous solutions by the addition of ethylene
glycol as a solvent.

For photopolymerization to occur, small amounts of
photoinitiators, less than 2.0 wt %, were added to the UV-
curable solution. The photoinitiators were matched to the
long ultraviolet wavelengths (\>300 nm), and the concen-
tration chosen for the maximum depth of cure.”! After pre-
paring the UV-curable solution, ceramic powder was added,
incrementally, and mixed in a high shear mixer. After reach-

TABLE II. Refractive indices for UV-curable solutions and the basic con-
stituents.

Basic materials Refractive UV-curable Refractive index,
for UV-curable solution index, n solution ng
acrylamide 1.53 Aqueous 1 1.38
methylene bisacrylamide 1.52 Aqueous 2 1.40
ethylene glycol 1.43 Aqueous 3 1.41
water 1.33 Aqueous 4 1.42
Aqueous 5 1.44
Diacrylate 1.46
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ing the maximum solids loading, the photoinitiators were
added and the suspension mixed for approximately 5 h to
ensure complete homogenization.

B. Ultraviolet exposure

Each suspension was exposed to ultraviolet radiation
from either a mercury lamp or a laser. The two strongest
lines emitted by the lamp, 313 and 366 nm, correspond
closely to the wavelengths used in stereolithography ma-
chines, 312 nm for He-Cd and 351 nm for Ar—ion laser.
Cure depths were similar whether exposed to the lamp or the
laser.'® Exposure doses (mJ/cm?) were measured using a ra-
diometer. After exposure, the polymerized ceramic film was
removed from the remaining material, rinsed, and the cure
depth was measured either by optical or electron microscopy.

C. Experimental results

1. Concentration dependence

Figures 1(a) and 1(b) show the concentration depen-
dence on the cure depth for silica, alumina, and silicon ni-
tride dispersed in a variety of UV-curable solutions. At 0.50
solids loading for the silica and alumina suspensions, the
cure depth is greater than 200 wm, thereby satisfying the
requirements for use in stereolithography.

The cure depth, D, is plotted against the inverse of
volume fraction solids, 1/¢, showing linear behavior. Even
though a 0.50 volume fraction silicon nitride/diacrylate sus-
pension was not prepared, the cure depth is predicted to
equal 40 um. The largest cure depths are for the silica sus-
pensions, for which the square of the refractive index differ-
ence, An?, has the smallest value. However, at 0.50 solids
loading, the cure depth for the alumina and silica suspen-
sions are similar.

2. Dose dependence

Figures 2(a) and 2(b) show the dose dependence for 0.50
solids loading ceramic suspensions. As expected, the cure
depth is larger as the dose increases, following Beer’s law
and the cure depth equation, D, . Note that the cure depth
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FIG. |. (a) Depth of cure (D) vs inverse volume fraction (1/¢) for three
silica suspensions and for silicon nitride dispersed in diacrylate. All samples
received an exposure dose of 1500 mJ/cm®. (b) Depth of cure (D) vs
inverse volume fraction (1/¢) for three alumina suspensions. All suspen-
sions received an exposure dose of 1500 ml/em®,

greatly increases as the square of the difference in the refrac-
tive index between silica and the aqueous UV-curable solu-
tion is reduced. At 1500 ml/cm?, the cure depth changes
from 250 to 700 um as An? changes from 0.032 to 0.014.

3. Particle size dependence

Figure 1(b) shows the cure depth versus 1/¢ for different
particle size alumina powders dispersed in a variety of UV-
curable solutions. All suspensions have a linear fit. following
the expected cure depth behavior. However, the smaller par-
ticle size alumina has a larger cure depth in the aqueous
solution which is contradictory to the expectation that D > d.

lil. THE SCATTERING EQUATION D,

Scattering theory is based upon an electromagnetic wave
impinging on a single particle, with a particular refractive
index and size. in a medium with a different refractive
index.>® Most theories assume that the medium does not
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in three aqueous UV-curable solutions. (b) Depth of cure (um) vs dose
(mJ/em®) for 0.50 volume fraction alumina dispersed in aqueou.. solution #4.

absorb the radiation. and for turbid suspensions the scattering
properties will dominate the penetration depth.

For multi-particle scattering, a form of Beer's law is
utilized where the particles act as separate scattering centers
and the scattering term is a summation of the individual scat-
tering centers. For the summation to be valid. the distance
between particles must be greater than two radii which cor-
responds to suspensions at solid loadings of less than 0.10
when using particlés on the order of 1 um. However. there
are spaces between particles which are roughly one particle
radius. and therefore the summation form for multi-particle
scattering will be used without much loss in validity. The
general form of Beer’s law is

E=Egexp(—yL), (1)

where E, is the energy density (measured in ml/cm?) of the
radiation at the surface of suspension. 7y is the extinction
coefficient or turbidity term, and L is the path length the
radiation travels.

Two processes occur as the UV radiation travels into the
highly concentrated suspension. First, and predominantly,
the particles scatter the radiation. Second. the UV-curable
solution absorbs part of the radiation, thereby reducing its
intensity. The radiation which is not absorbed travels further
into the suspension and the two processes continue until the
energy of the radiation reaches a critical limit, E g, in which
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. the remaining radiation is absorbed by the monomer resin.
2 This minimum energy is required for gellation of the mono-
2" mer. One can describe the polymerization depth for a turbid
ceramic suspension, where the path length equals the depth
of cure, L—D., and the exposure equals a critical exposure,
E—E_, where

-1 EO
E . =Eqexp(—yD.), or D,=7 'In .
Ecm,

The extinction coefficient can be described by

_3e0
Iy

where (d) is the average particle diameter, ¢ is the volume
fraction particles, and Q is the extinction coefficient effi-

ciency.
After substitution, the scattering equation becomes
2(d E
p XL, Ee ] 2
30 ¢ | Ecit

Equation 2 exhibits three linear proportional relationships
expected for highly turbid suspensions:

(1) the cure depth versus 1/Q at fixed volume fraction and
(d),

(2) the cure depth versus 1/¢ at fixed Q and (d), and

(3) the cure depth versus In(E) at fixed ¢, (d), and Q. (The
curves of D, vs log(Ey) and D, vs 1/¢ show that the
behavior of highly concentrated ceramic suspensions fol-
lows the expected relationships in Eq. (2), provided that
Q does not depend on ¢.)

For scattering in highly turbid suspensions, the influence
of the extinction coefficient efficiency, volume fraction sol-
ids. and exposure dose on the cure depth will be determined
for the ceramic suspensions in this work, therefore aiding in
the prediction of cure depth for any UV-curable ceramic sus-
pension.

IV. THE EXTINCTION COEFFICIENT EFFICIENCY Q

The dimensionless function Q embodies a complex
physics for scattering behavior in a dense system. In general,
one might expect Q to depend on ¢, (d), and the ratio
m=n,/ng. with®

O(d.x.m)=(m—1)20(d.x.m)=(An/ng)*Q(d.x.m). (3)

where x=m(d)/\. n, is the particle refractive index, ng is
the UV-curable solution refractive index, and An is the dif-
ference between the two.

There are several closed-form equations for 0% % in
terms of x and p, where p is related to the refractive index
difference between the ceramic and the UV-curable solution

p=xAn=x(n,—ng).

For the present case, the particle size is equal to or greater
than the wavelength of radiation, so Rayleigh scattering is
not appropriate for 0%
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TABLE III. Refractive index dependence on the scattering efficiency term
@ for wrbid silica suspensions: a comparison between the experimental
value and three theoretical values. Values used in Eq (2) for Qe (a’)

=229 pum, n,=1.56 (at A\=366 nm), E,=1500 ml/em?, E =20 ml/cm?,
¢=0.50.
UV-curable
solution ng Dc (,u.m) chp Qny Qrme Qn
Aq #1 1.38 250 0.053 6.09 2.12 0.017
Aq #2 1.40 340 0.039 5.00 1.82 0.013
Aq #3 141 450 0.030  4.06 2.16 0.011
Aq #4 1.42 490 0.027 3.64 2.00 0.010
Aq #5 1.44 700 0.019 242 2.20 0.007
diacrylate 1.46 760 0.017 2.03 2.03 0.005

In the Rayleigh—Gans region, O, is a strong funcuon of
x and the square of the refractive index difference, An’,
shown in the equation below:

L 2 1.2A.2
Qray= 3p~=3x"An”.

However, for Q,,, to be valid, the term p must be <1, cor-
responding to a small difference in the refractive indices:
scattering occurs but not to a significant degree. Therefore.
must be much less than 1.

The particle size and refractive index difference can be
very large for the case of Mie scattering, where

45sin p
p

Nevertheless, the overall magnitude of Q. is small. The
Mie Q is an oscillating function of p, where for large x, Q e
approaches a value of 2.

Theoretical forms for Q will be compared to experimen-
tal results using Eq. (2). By determining the scattering be-
havior through the term Q, the cure depth behavior for turbid
ceramic suspensions will be understood. Only the silica and
alumina suspensions will be discussed in detail. Results and
discussions for these suspensions can be applied to the sili-
con nitride suspension.

Qmie=2— — (1 —cos p).

A. The function Q for silica suspensions

1. Dependence on refractive index of the UV-curable
solution

The extinction coefficient efficiency Q embodies the
scattering behavior for turbid suspensions. In Table III, ex-
perimental values for Q are compared with calculated forms
for all silica-UV solutions. An additional form for Q, similar
to Eq. (3), will be considered. in which the predominant
behavior is a scaling with the square of the refractive index
difference, or 0, = Anzlné. The average particle size is used
even though the silica powder has a wide particle size distri-
bution; a more rigorous treatment of particle size effects w1ll

not change the overall trends in the cure depth behavior.™
The value for E_;, was set to 20 mJ/cm? for all UV-curable
solutions.?*=%8

Looking at Fig. 2(a), a linear fit is expected as An® de-
creases (e.g., D, T as An® |). Forms of Q, which expect a
large influence on the square of the refractive index differ-
ence, O,y and Q,, show the expected linear behavior where
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TABLE IV. Dose dependence on the scattering efficiency term Q for a
turbid silica suspension: a comparison between the experimental value and
three theoretical values. Values used in Eq. (2) for Q.. : (d)=2.29 um.
n,=1.56 (at A=366 nm), £.,,=20 mlicm®, $=0.50. no=1.42 (at A\=3606

nm).
E,
(m"/cm:) D(‘ (#m) QL‘XD Qm_\ let er

380 400 0.023
600 425 0.024
860 160 0.025

1500 490 0.027 364 240 0.010

2200 540 0.027

5100 630 0.027

D, is proportional to 1/Q or 1/An°. However, the square of
the refractive index difference form of Q. Q, . best matches
the experimental results as shown in Table III. General ob-
servations show the Rayleigh—Gans equation for Q is not
strictly valid since the values are greater than one. Mie
theory will not produce a linear fit if the cure depth is plotted
against 1/Q ;.. So the square of the refractive index differ-
ence is the major factor influencing the depth of cure for
turbid suspensions and the particle size term x° must be a
minor influence given that the Rayvleigh—Gans form for Q
does not explain the scattering behavior.

2. Dependence on dose

From Fig. 2(a). the experimental extinction coefficient.
Qexp- tan be determined and compared with the three theo-
retical forms: Q... Q... and @, . Table IV shows the re-
sults for the aqueous UV-curable solution with a refractive
index of 1.42. Once again. the square of the refractive index
diiference form of O best matches the experimental results.
where Q. ranges trom 0.023 10 0.027. and Q,=0.010.

The silica suspensions are best described by the square
of the refractive index difference form of the scattering efti-
ciencv. Q, . where Q,,=An:/nf).

B. The term Q for alumina suspensions

1. Dependence on refractive index of the UV-curable
solution

From Table V. the magnitude of the scattering efficiency
term. Q, (Q=An:/n(:)). best matches the experimental re-
sults for a variety of UV-curable solutions. Even though the
square of the refractive index difference. M-, best describes
the scattering behavior. it does not determine the effect of

TABLE VI. Dose dependence on the scattering efficiency term Q for a
wrbid alumina suspension: a comparison between the experimental value
and three theoretical values. Values used for Q. (dY=0.34 um. n =171
@t A=366 nm). E =20 mllem”, &=0.30. n,= 142 tat A\=23606 nm)

EI)
(tmJ/cm™) D (um) Qo Qry Qe 0,
390 381 0.0035
660 402 0.0039
1100 417 0.0044 0.34 219 0.042
1800 430 0.0047
2900 452 0.0050

particle size. With Eq. (2) and assuming Q= An"/n3, it is
expected that the cure depth is proportional to the particle
size. where D_#(d). However. the results in Fig. 1(b) show
the opposite effect. The term Q must include particle size
etfects on cure depth behavior in turbid suspensions.

2. Dependence on dose

From Fig. 2(b). the experimental coefficient efficiency
term can be determined and compared with the three theo-
retical forms as shown in Table VI. Once again. the square of
the refractive index difference form. Q,,=_\n:/n.:,. best
matches the experimental results.

The alumina results show that (), best describes the scat-
tering behavior for turbid suspensions but dees not accu-
rately describe the particle size effect.

V. THE Q TERM

With an understanding that the scattering efficiency Q,
best describes the magnitude of the cure depth D . it is nec-
essary to discover other factors which influence the cure

depth behavior through the term Q in Eg. (3). where
9 2d | { E() \] 7 An -
(), q = — | =() ——
Ce=3en ME,ITPTY
or
_ n;  2d E
= Tl (4)
An- 36D, chit

The term O may be a function of the volume fraction (@), the
particle size (x). the dose (£,). and the square of the refrac-
uve index difference (An”): its behavior as a function of
these variables will be determined.

TABLE V. Refractive index and particle size dependence on the scattering efficiency term Q tor turbid .1lumm.1

suspensions: a comparison between the etperimemnl

alue Jnd three theoretical values. Values used for

n,=171 tat X\=366 nm). E,=1500 mliem-. E. =20 mliem?,
UV-curable (d)
Alumina solution gy (um) & D 1um) Qoo Qe Q ime Q.
AKP-30 Aq #l 1.38 0.46 0.3 400 0.007 0.78 22 0.057
AKP-13 Aq #1 1.38 0.61 0.3 200 0012 1.36 293 0.057
RC-HP Aq # 1.42 0.34 0.5 430 0.004 0.34 2.0 0.042
RC-HP Diacrviate .46 0.34 0.4 27s 0.009 0.25 0.9 0.029
AKP-15 Diacrviate 1.46 0.61 0.5 370 0.010 .81 2.24 0.029
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FIG. 3. The experimental scatiering efficiency term QO as a function of the
refractive index difference (An?) for 0.50 solids loading silica in the five
aqueous solutions.

A. Experimental values for silica suspensions

1. Refractive index difference dependence

Figure 3 shows the influence of refractive index differ-
ence on the term Q. Looking at the data for high solids
aqueous silica suspensions, the value for Q varies between
2.5 and 3.0. The value rises slightly as the refractive index
difference increases, or where more scattering behavior is
expected.

2. Volume fraction dependence

Fig. 4 results in two general behaviors (the influence of
volume fraction on the term Q). Both curves show linear
behavior, but the addition of solids in the UV-curable sus-
pension with a refractive index of 1.44 (Aq#5) strongly af-
fects the value for Q. Since the square of the refractive index
difference, An?, decreases by 50% in comparison to Ag#1,
there must be a transition from absorption to scattering domi-
nated behavior as the solids content increases. This will be
discussed in a later section. Note, at high solids contents, the
value for Q varies between 2 and 3, similar to the results for
the refractive index difference dependence.
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FIG. 4. The experimental or expected scatiering efficiency term Q~ as a
function of volume fraction (1/¢) for silica dispersed in two aqueous Uv-
curable solutions (Aq #1 and Aq #5).
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FIG. 5. The experimental scattering efficiency term Q— as a function of the
exposure dose (E) for 0.50 solids loading silica in three aqueous solutions.

3. Dose dependence

In Fig. 5, the dose dependence on the term ( has similar
results, where the value varies between 2.5 and 3.25. At one
low dose, there is an inconsistent data point for silica in the
UV-curable aqueous suspension with a refractive index of
1.38 (Ag#l). Possibly the cure depth was measured incor-
rectly or the polymerization behavior is quite different at low
doses in this highly scattering suspension; the rest of the data
for three high solids loading aqueous suspensions show simi-
lar results.

By looking at three conditions for silica suspensions, the
value for é lies between 2 and 3.

B. Experimental values for alumina suspensions

1. Refractive index difference dependence

The effect of the refractive index on the term é will be
discussed in relation to the particle size of alumina dispersed
in the UV-curable suspensions. Table VII shows the experi-
mental values for Q in relation to the refractive index differ-
ence for three 0.50 solids loading suspensions. The value of
Q ranges between 0.131 and 0.238. As expected, the value
for Q decreases when smaller particle size alumnina is used in
the same suspension (D x1/Q).

2. Volume fraction dependence

Figure 6 shows the dependence of volume fraction on é ,
where at high solids loading, the value varies between 0.12
and 0.35 for the three solutions discussed in the previous

TABLE VII. Experimental values for Qasa function of the refractive index
difference and particle size. Values used for Q: n,=171 (at A=366 nm),
E,=1500 mJ/cm®, ¢=0.50.

UV-curable (d) _
Alumina solution ny (um) D, (um) Qexp
AKP-50 Aq #1 1.38 0.46 400 0.134
AKP-15 Aq #1 1.38 0.61 300 0.238
RC-HP Aq #4 1.42 0.34 420 0.131
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FIG. 6. The experimental scattering efficiency term é as a function of
volume fraction (1/¢) for alumina dispersed in three UV-curable solutions.

section. All solutions have a strong dependence on volume
fraction, where the scattering increases as more particles are
added to the suspension.

3. Dose dependence

For alumina powder with an average particle size of 0.34
wum dispersed at a solid loading of 0.50 in the aqueous sus-
pension with a refractive index of 1.42 (Aq#4), there is an
increasing value for Q as the exposure dose increases as
shown in Fig. 7. The value of Q varies between 0.080 and
0.140 as the exposure dose increases from 400 to 4000
ml/cm”.

The alumina suspensions show a wider range of values
for Q, which is expected for the variance in the particle sizes,
where 0.10<Q <0.35.

C. Q as a function of particle size

Without taking the particle size into account. Q (from
Q,) predicted the scattering behavior of the silica solutions.
but did not accurately describe the alumina data. The results
for alumina show as the particle size became finer. lhe cure
depth increased. In contrast. Eq. (2). when Q=An~ *Ing is
substituted. predicts the cure depth should increase with in-
creasing particle size.

For the extinction_ coefficient efficiency equation.
Q= Q.&rz /no the term Q is expected to contain the particle
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FIG. 7. The experimental scattering efficiency term é as a function of the
exposure dose (Eq) for 0.50 solids loading alumina in aqueous solution #4.
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TABLE VIII. Comparison of the experimental value for 0 to the calculated
value.

———

Experimental Calculateqd
value Interparticle value

Ceramic écxp (d) (um) spacing, S (nm) 0= Sixg

silica 1<d<3 29 949 159
alumina 0.10<Q<035 06l 253 0.69
0.46 191 0.52
0.34 144 0.39
silicon nitride 0.68 0.44 182 0.49

size-wavelength relationship and its effect on the depth of
cure.~> However. the behavior of turbid suspensions could
not be described when the particle size was related directly to
the wavelength through the term x in the Rayleigh—-Gans and
Mie formulas for Q. Assuming that the scattering coeffi-
ciency term Q is related to d/X is similar o scattermo theo-
ries that consider one particle in a medium.”" Experimental
results of turbid suspensions show that scattering is domi-
nated by the refractive index difference. not by the particle
size. Moreover. at the volume fractions considered in turbid
suspensions. the relationship to be considered is the interpar-
ticle spacing. not the particle size. The spacing between par-
ticles will affect how the radiation penetrates the suspension,
where interference effects as well as absorption by the pho-
toinitiator(s) determine the cure distance. This interference
phenomenon is Lomphuled') " and cannot be described
with simple formulas. With radiation traveling from a variety
of directions through an array of finely spaced particles. the
resulting interference pattern is difficult to describe and be-
vond the scope of basic theory.

Using simple cubic packing. the median particle size for
ceramics in this studv. and a 0.50 solids loading. the inter-
particle spacing. S. is calculated in Table VIIL. For the silica
suspensions with a large particle size. the interparticle spac-
ing is 950 nm. which is several times larger than the uv
wavelength. For the alumina suspensions using fine particles.
the spacing varies from 140 to 250 nm which is less than the
UV wavelength. With QLS/)\ and A=366 nm. Q>1 for the
silica suspensions (coarse powder). and Q< for the alumina
suspensions (fine powders).

Also shown in Table VIIL are the experimental values
for Q from the data using Q. The value ot Q is difficult to
understand in terms of d/\. but in terms of S/A. turbid sus-
pensions can be described by Eq. (2). For example. the silica
suspensions are described by Eq. (2). when the value of Q is
between 2 and 3. With Q"—" S/\. the value of Q~=2.59.

In the case of alumina. the value of Q must be roughly
between 0.10 and 0.35 for 0.50 solids loading suspensions.
and with Q=S5/\. the calculated range is ().39<§<0.69.
This reasonably describes the alumina suspensions., where
the interparticle spacing dominates over particle size in pre-
dicting the depth of cure. Moreover. the difference in cure
depth related to particle size can be explained using the par-
ticle spacing. S. where smaller particle size results in a
smaller O value. and therefore the cure depth increases.
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Even though the silicon nitride data has not been dis-
cussed, Table VIII shows that Q S/\ reasonably describes
the scattering behavior for this highly turbid suspens1on
Note, the square of the refractive index difference, An?, is
still the major determinant for the magnitude of the depth of
cure.

Vi. DISCUSSION
A. Quantitative prediction of D,

With Q=An?/An}, the magnitude of the cure
depth can be predicted for high solids loading tur-
bid suspensions. However, by looking at the curves
in Figs. 5 and 1, there is a noticeable effect that
the dose has on the value Q. Moreover, the volume
fraction dependence shows different behaviors in Figs. 4 and
6. The theoretical equation for turbid suspensions describes
the cure depth behavior well, but an absorption term should
be included, where the absorption term would describe be-
haviors related to the absorption limited region and/or dilute
limit in these suspensions and is dependent upon the photo-
chemistry of the UV-curable solution. To determine this be-
havior, polymerization research at low volume fractions
must be investigated.

We propose a general scattering equation that describes
the cure behavior for nonabsorbing ceramic powders dis-
persed in ultraviolet curable solutions:

2(d) ny | Eq
(= -~ - n ’
3Q An- Ecr"
where
- S s
~ —
0=+ (5)

This model of scattering behavior is a simple mode! for
understanding the magnitude of the cure depth for turbid
suspensions where absorption does not play a major role.
Refinement of the model is best handled, first by the addition
of an absorption term. Further physical understanding of the
cure depth behavior should consider more complex theories.
For example, diffuse wave spectroscopy % is not constrained
to low volume fractions for the description of radiation trav-
eling through a suspension. This theory can describe the
scattering behavior of concentrated suspensions, but needs to
include an absorption term for the polymerization of the me-
dium. Further research will refine the basic model in this
work and incorporate other theories.

B. Predicting cure depth for other ceramics

Figure 8 shows the refractive index versus density for a
variety of ceramic materials. Superimposed on the graph are
the refractive indices for water, the diacrylate, and methyl
naphthalene. Water represents a low refractive index solvent
and methyl naphthalene has one of the highest refractive in-
dices for common solvents which are not too chemically
hazardous.

Quartz silica is a ceramic material with a low refractive
index, thereby achieving large cure depths at high solids
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and the diacrylate.

loadings when dispersed in aqueous UV-curable solutions.
With silicon nitride acceptable cure depths (D =200 um
stereolithography requirement) were not achievable due to
the large refractive index difference between the ceramic and
diacrylate. If the theoretical scattering equation is fit to the
experimental data at 0.50 volume fraction solids so as to
calculate the absolute cure depth (40 um), one can determine
the refractive index needed to obtain a cure depth of 200 um
at large doses. The value for the UV-curable solution would
be 1.66, and methyl naphthalene is a good candidate. By
tuning the refractive index difference, the cure depth can be
modified to the user’s choice.

VIIl. CONCLUSIONS

The effective Beer's law equation [Eq. (2)] accurately
describes the cure depth behavior for highly turbid,
ultraviolet-curable suspensions. with linear proportional rela-
tionships for cure depth versus 1/¢ and cure depth versus
log(E,). This validates the derivation of the scattering equa-
tion using Beer’s.law as a starting point.

For the extinction coefficient efficiency term Q,
Q=Q(An2/n6), best represents the data as the factor con-
trolling the depth of cure. Neither the Rayleigh—Gans nor
Mie formulas predict the scattering behavior. With
Q=An2/né inserted into the scattering equation, the magni-
tude of expected cure depth for any nonabsorbing ceramic
powder dispersed in the aqueous or diacrylate solution can
be predicted.

For turbid suspensions, scattering-limited cure depths do
not appear to be simply related to particle size. Rather, the
interparticle distance, S, appears to influence the resulting
cure depth through the term Q, where QxS/\.
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CERAMIC STEREOLITHOGRAPHY FOR INVESTMENT CASTING AND
BIOMEDICAL APPLICATIONS

Michelle L. Griffith, Tien-Min Chu, Warren Wagner and John W. Halloran
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and Biologic and Materials Sciences Department, School of Dentistry
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Ann Arbor, MI

ABSTRACT

Ceramic green bodies can be created using stereolithography methods by using an
ultraviolet curable suspension of ceramic powders in place of the usual resin -a "ceramic resin".
We are developing ceramic resins from hydryoxyapatite ceramics, to enable custom made ceramic
implants by SLA, and from silica and alumina, to enable metal casting molds by SLA. We
demonstrate SLA of silica, a model refractory for metal casting molds, and SLA of alumina, which
present the rheological behavior and UV curing properties of several "ceramic resins”, and discuss
silica parts made on an SLA-250.

INTRODUCTION

Conventional StereoLithography [SLA] is used to build plastic parts from ultraviolet (UV)
-curable organic resins. In the past two years, we have developed techniques to apply SLA to
directly make ceramics{1,2]. Ceramic powder is dispersed in a fluid UV-curable monomer to
prepare a ceramic/UV-curable monomer suspension, which we call a "ceramic resin". The building
process is the same as conventional SLA. As the UV laser scans the "ceramic resin”, the monomer
solution is cured forming a ceramic-polymer composite layer. Layer by layer, the three-
dimensional model is made from this ceramic-polymer composite to create a shaped " green”
ceramic. After the building, the green ceramic object is heated in a furnace to remove polymer and
sinter the final ceramic.

This paper presents progress on two ceramic SLA projects. One project [involving TMC]
is concerned with the fabrication of custom-made hydroxyapatite (HA) ceramic implants. The other
project [by MLG] involves fabrication of refractory ceramics. For both, the key issue is the
preparation of an appropriate ceramic resin that has a viscosity low enough to use in an SLA
[about 3,000 cps or less] and a curing depth sufficient for typical layer thickness [at least 200 pm].

Our long range goal for custom-made ceramic implants will build implants from CT scans,
using methods developed for surgical models [3], with the implant is designed and built from
hydroxyapatite by SLA. Hydroxyapatite has beenrused in the clinics in the bulk form for bone
substitutes or as coatings for metallic implants for about 20 years[4) for its ability to form a direct
contact with the regenerated bone tissue[S-7].The first step, reported here, 1s the development of an
HA ceramic resin has the appropiate rheology and cure behavior, and which can be patterned and
fired without degrading the hydroxyapatite. For refractory ceramics, our long range goal is to
directly fabricate ceramic investment casting shells and cores by SLA. We report on the SLA

properties of a silica resin and an alumina resin.
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Ceramic resins have the same relationship between cure depth, Cq4, and the energy dose, E,
as conventional resins, although the mechanism of attenuation is different. Instead of adsorption,
cure depth is limited by scattering of the UV radiation, since ceramic suspensions are turbid. The
cure depth for ceramic suspensions can be related to the properties of the resin by:

Bd |E
[1] Cd ¢An2 [Ec:l

The penetration depth is controlled by the particle size (d), is inversely proportional to the volume
fraction (¢) of ceramic and strongly dependent upon refractive index difference between the

ceramic and the UV-curable solution, An. The critical energy dose, Ec, is the minimum does

required to gel the suspension. The term B involves the interparticle spacing and the UV
wavelength, but is not yet well understood.

MATERIALS SYSTEMS

Ceramic Resins
The ceramic resins were made by dispersing ceramic powders in a water-based UV-curable

solution consisted of acrylamide and methylene bisacrylamide monomers (2), which are similar to
gel casting formulations used for molding ceramics(8). The refractive index was adjusted in the
range of 1.382-1.441. The silica resin was made from powder with a broad size distribution large
average particle size of 2.3 microns. The refractive index of silica is 1.56. The alumina powder
was commercial sinterable powder with a average particle size of 0.34 microns. The refractive
index of alumina is 1.76. The commercial hydroxyapatite powder had a submicron primary
particle size, but was agglomerated into porous 10-40 micron secondary particles.

the alumina and silica were dispersed in the solution at a solids loading of 50 volume percent,
producing suspensions with viscosity less than 500 mPa-s [at 3 sec-1], using polyelectolyte
dispesants. The HA was more difficult to disperse. Consequently its viscosity was measured as a
function of pH and concentration of an anionic polyacryalate dispersant. A mixture of
photointiators were used in the formulation: 0.4 w/o phosphine oxide and 0.7 w/o ketone
derivative, which is the maximum solubility of these photoinitiators in water. These were added as

the last step prior to use.

EXPERIMENTAL

The viscosity of a suspension with 20 vol% of HA powder in the monomer solution was
determined with a Brookfield DV-II+ viscometer at 60 rpm.prepared. The pH value of each sample
was adjusted with ammonium hydroxide in the range of from 4 to 8. An anionic surfactant
(Phreeguard 1000N% ) dispersant was added incrementally and the viscosity was measured Iso-
viscosity lines were mapped at different combinations of dispersant dose and pH. With this iso-
viscosity plot, the range of the pH value and the dose of the dispersant to produce the lowest
viscosity of the suspension was defined.

Initial testing of the cure properties were done with a Hanovia conveyorized desktop UV-
curing apparatus thh a UV lamp® The two strongest lines emitted by the lamp, 313 nm and 366
nm, correspond closely to the wavelengths used in SLA machines, 312 nm for the He-Cd laser and
351 nm for the Ar-ion laser. The exposure was determined by using a radiometer. After

% Calgan Corp. Pittsburgh, PA
@ Hanovia UV Laboratory System. Hanovia, Newark. NJ
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Depth of Cure (pm)

exposure, the polymerized sample was removed from the remaining uncured suspension, and the
cure depth was measured by optical or electron microscopy.

Silica and alumina resin were tested in a SLA-250 machine using an Ar-ion laser. The
critical exposure (E.) and penetration depth (D), were determined for each suspension with the
"windowpanes" test geometry(9) andfit to Equation 1. The Ar-ion laser results agreed the UV
lamp data at the same energy density. Several three-dimensional parts were fabricated. The curing
properties of the HA suspension were illustrated with the UV lamp apparatus, using a simple mask
made in the shape of a cartoon skull.

RESULTS

I. Silica and Alumina

Equation 1 assumes that the cure depth is limited by scattering from the ceramic rather than
by adsorption by the photopolymer system. It predicts that cure depth should be inversly

proportional to the volume fraction ¢ of the dispersed ceramic. Figure 1 shows that this relation is
indeed observed for alumina and silica suspensions in a medium with refractive index of 1.381. If

scattering is the limiting factor, Eq. 1 also predicts that the cure depth should vary with 1/An2.
This is observed in Figure 2 for a variety of silica uspensions, showing that the refractive index
difference is the dominating factor controlling the depth of cure in strongly scattering systems.
This is discussed in detail elsewhere (10).
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Figure 3 is a photograph of the first threé-dimensional ceramic green body fabricated using
stereolithography. The object built is a hollow box, 1" x 1" x 0.75”, with a 45 degree angle on
one side. This was fabricated from 50 v/o silica dispersed in the aqueous solution having a

refractive index of 1.418. The SLA parameters used were D,= 150 pm and E.= 80 mJ/cm’. There
are 136 layers, each 150 um thick. The build time for this hollow box was about 4 hours. The
sides and the 45 degree angle are built quite accurately. There was no problem with interlayer
adhesion. The top of the box is slightly rounded because the recoat blade was not used because the
sample was built in an experimental mini-vat. Instead the z-wait time was extended to 45 seconds

o)
L)



to allow the new layer to equilibrate to a reasonably flat surface.The bottom of the box is warped,
due to curling of the first layers, probably because of the raster-style build style and inadequate
support structure. In spite of the imperfections in this first attempt, we consider this a
demonstration of practical ceramic SLA. The silica box was heated to 1000°C to simulate the firing

cycle of ceramic molds.

Figure 4 shows the microstructure of an alumina part fabricated on the SLA-250 and
subsequently sintered at 1550 °C. This appears to be a high quality dense alumina ceramic, typical
of pore-free fine grained alumina ceramics. This demonstrates that SLA-fabricated ceramic green
bodies can sinter as readily as conventional ceramics. This is discussed elsewhere (11).

Figure 3 Hollow "box" part fabricated on  Figure 4 SEM micrograph of the fracture

SLA-250 from silica ceramic resin surface of alumina fabricated on SLA-250
sintered 1550°C for 2 hr, showing fine-
grained pore-free microstrure

II. Hvdroxvapatite

The viscosity of the dispersion of HA powder in acrylamide solution depends upon pH and
the amount of polyacrylate dispersiant. A 20 vol% HA-AM/MBAM suspension with 1.46 wt%
dispersant equililibrates after mixing to a pH of 6.48. At a constant dispersant dose, viscosity is a
minimum around pH 7. Higher dose of dispersant reduces the viscosity over the whole pH range,
resulting in a wider low-viscosity region at higher dose of dispersants. Figure 5 shows this
behavior as an iso-viscosity plot. After the dose of the dispersant exceeded 2.5 wt%
of the dry powder, the viscosity of the suspension in the whole pH range dropped under 100 cps.
To establish the effect of HA content, the solids-loading of the suspension was increased from 10
vol% to 45 vol% at a dispersant dose of 3 wt% of dry powder and pH 7, as shown in Figure 6.
The viscosity of the suspension increased from 10 cps to 2960 cps. The viscosity of the
suspension rose rapidly to above 12,000 cps when the vol% ceramic was increased from 45 vol%

to 46.5 vol%. -
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Cure Depth and Pattern Reproduction

The 45 vol% HA suspension had a cure depth of 280 um, which is adequate for SLA. The

linear relation of cure depth vs. 1/¢ is also obeyed for HA powders, as shown in Figure 7. From
this we predict that a cure depth larger than 200 pm will be achievable up to 55 vol%. Figure 8isa
demonstration of the pattern reproduction with the HA ceramic resin. On the left is the skull
cartoon "mask”, made from xeroxed transparency, with the HA /polyacryamide green ceramic
layer on the righ. Thechange in the dimension wasdue to the scattering of the light at the edge of
the crude xeroxed mask since the light source we used was not a point light source. This should
not happen when we use a laser on the SLA-250 machine.

Green Body Property Characterization

The hydroxapatite does not appear to be degraded by this process. Figure 9 is the x-ray
diffraction pattern of the hydroxyapatite green body after making the HA ceramic resin, curing, and
binder burnout. Only HA is present, which indicates that the hydroxyapatite structure was
preserved during the whole process.

CONCLUSIONS

Highly concentrated suspensions of ceramic powders in photopolymerizable solutions can
be cured by UV lamps or UV laser. Cure depth is proportional to the logarithm of energy through
a Beer-Lambert relation, with the depth of penetration limited by scattering of UV radiation. Depth

I
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of penetration is inversely proportional to ceramic volume fraction and to the square of the
refractive index difference between the ceramic and the suspension medium. Multilayer parts have
been built using a SLA-250 with an Ar-ion laser, with promising accurate parts with good
imerlayer adhesion. These first ceramic objects demonstrate the feasibility of stereolithography for
directly building green ceramic objects, both for sintered structural ceramic parts and for refractory
ceramic shells and cores for metal casting.

The cure depth of a 45 vol% HA suspension was 280 pum, which is above the minimum depth
requirement. The hydroxyapatite structure in the green body was retained after polymer binder
burnout.
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Fig. 8 The test mask (left) and the cured HA/polymer composite layer (right)
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Fig. 9 X-ray diffraction pattern of final hydroxyapatite specimen after polymer binder burn-out
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STEREOLITHOGRAPHY OF CERAMICS

Michelle L. Griffith® and John W. Halloran
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Ann Arbor, MI 48109-2136

Abstract

By dispersing ceramic powders in ultraviolet (UV) curable solutions, stereolithography
can fabricate ceramic green bodies. We demonstrate SLA of silica, promising for casting
applications using silica, and SLA of alumina which is promising for structural ceramics.
Viscosity control for these highly concentrated suspensions and cure depth behavior are the
main issues for fabricating a ceramic using stereolithography techniques.

Ceramic SLA suspensions, with low viscosities and large cure depths, were further
studied in a stereolithography machine, and three-dimensional parts were built. Part
building parameters, D, and E_, were determined for this suspension. Layer adhesion and
subsequent processing resulted in good ceramic parts.

Introduction

Stereolithography fabricates accurate three-dimensional objects'. Unfortunately, the
objects can only be produced from polymeric materials. It would be useful to expand the
menu of SLA materials. One such area is for the fabrication of ceramics. One can fabricate
ceramics by SLA by dispersing ceramic powders within an ultraviolet-curable solution.
The UV cured polymer acts as the binder to hold the ceramic particles together before
firing. During firing, the polymer is removed and the ceramic powder is sintered, resulting
in a ceramic part. This is a promising fabrication method for ceramic shells and cores and
for structural ceramic parts.

The two main issues for stereolithography of ceramics are the rheology and the cure
depth of concentrated suspensions. A high solids content, about 50 vol%, is required to
fabricate a ceramic part. For these highly concentrated suspensions, especially for
submicron ceramic powders, the suspension must be colloidally stabilized. This is done by
adding the correct dispersants, usually at 1.0 weight percent dry basis. The maximum
viscosity for a suspension in the stereolithography apparatus (SLA) is 3000 mPa-s at low
shear rates. After a layer is built, the new layer must flow across the old layer, thereby
requiring a fluid suspension. Flocculated suspensions, where the particles agglomerate,
the viscosity of the suspension increases dramatically at much lower solids loadings.
Maintaining low viscosities is difficult as the ceramic powder fraction approaches the
Krieger-Dougherty limit?, usually approaching 0.63 for random packing when the
suspension is fluid. The correct dispersants maintain the particles as singlets ensuring the
fluidity of the suspension. In this paper, two UV-curable solutions will be discussed, an
aqueous and a low viscosity diacrylate. The starting viscosity of the UV-curable solution is
important where a lower starting viscosity aids in maintaining a lower viscosity in the
concentrated suspension.

The other main issue is the cure depth of the concentrated suspension. With a highly
loaded suspension, the ceramic powder will scatter the ultraviolet radiation, thereby

* now at Sandia National Laboratory, MS 0958, P.O. Box 5800, Albuquerque, NM 87185




reducing the depth of cure. Below is the scattering equation representing the cure depth
behavior for concentrated suspensions:

d 1 E :
Cyqx E 7 1n|:—]§:} Equation 1.

The depth of cure is controlled by the particle size (d), the exposure dose (E), and inversely
by the volume fraction (¢) and refractive index difference between the ceramic and the UV-
curable solution, An’.

With conventional stereolithography resins, the layer thickness is approximately 200
microns, and this was set as the minimum limit for cure depth or layer thickness for the
ceramic suspensions. Theoretical aspects relating the cure behavior for a highly
concentrated suspension will be discussed later in this paper.

Determining the SLA paramters’, D, and E,, are important for part fabrication. By
understanding these two parameters, the layer thickness (C;) and dose (E) are easily set
through the equation derived by Jacobs™:

Cq=Dy ln[:EE—} Equation 2.

C

Preliminary results for freeform fabrication of silica green bodies and the stereolithography
parameters will be shown.

Experimental

Table 1 shows the materials used and their properties. Silica has a large average particle
size as it is a model material for investment casting. The alumina powder is submicron to
ensure correct sintering behavior. A wide variety of aqueous UV-curable solutions were
studied to determine the influence of refractive index on the resulting depth of cure. The
aqueous solution consisted of acrylamide and methylene bisacrylamide monomers in a
aqueous solvent mixture*’. The diacrylate has the highest refractive index, 1.457, and
therefore the smallest difference between the ceramic and the UV-curable solution.

In the preparation of a high solids loading ceramic suspension, first the monomers and
solvents are mixed for a few minutes in a shear mixer. Then the ceramic powder and
dispersants are added incrementally, 5-10 v/o for the ceramic powders and 0.2 w/o dry
basis for the dispersant(s), and the suspension is shear mixed between each increment until
a solids loading of approximately 30 v/o is achieved. Further addition of ceramic and
dispersants is followed by ball milling for complete homogenization and allow the
dispersant(s) to stabilize the suspension. After the maximum solids loading is reached, 40-
50 vol%, the photoinitiator(s) are added and the suspension is ball milled for roughly five
hours. Table 2 shows the ceramic suspensions studied.

After mixing the suspension, the cure properties were investigated using a conveyorized
ultraviolet lamp apparatus. Note, the two strongest lines emitted by the lamp, 313 nm and
366 nm, correspond closely to the wavelengths used in SLA machines, 312 nm for the He-
Cd laser and 351 nm for the Ar-ion laser. The exposure the sample receives is controlled
by the speed of the conveyor belt, and the exposure was determined by using a radiometer
for measurement. After exposure, the polymerized sample was removed from the
remaining uncured suspension, and the cure depth was measured by optical or electron

microscopy.




Promising ceramic suspensions were then tested in a SLA-250 machine using an Ar-ion
laser. To determine the SLA parameters, crmcal exposure (E ) and penetration depth (D,),
a particular test geometry, called windowpanes®, was built for each suspension. Each pane
in this part receives a different dose and by plottmg C, versus dose, Equation 2 can be
utilized to determine D, and E.. After prelimary determination of D, and E, three-
dimensional parts were fabricated.

Results
Silica

Figure 1 shows the concentration dependence for silica in an aqueous UV-curable
solution exposed to the UV lamp radiation®. As the volume fraction silica increases the
depth of cure decreases in a manner similar to Beer-Lambert behavior with an exponential
decay. For volume fractions up to 55 v/o, the suspension’s cure depth is above the
minimum requirement of 200 um. Viscosity data will not be shown, but for silica
dispersed in the aqueous solutions, the viscosity is below 200 mPa-s for low shear rates,
around 3 sec”, therefore well below the maximum requirement of 3000 mPa-s.

Figure 2 shows the cure behavior for a variety of 50 v/o silica suspensions as a function
of exposure dose. As expected, the cure depth increases as the dose increases. However,
the larger influence is changing the refractive index of the UV-curable solution. By
changing n, from 1.382 to 1.441, the depth of cure increases from 200 um to 600 um at a
dose of 1000 mJ/cm?. A small change in refractive index, about 4%, results in a three-fold
increase in cure depth.

Figure 3 shows the first three-dimensional ceramic green body fabricated using
stereolithography. The object built is a box, 1” x 17 x 0.75”, with a 45 degree angle on
one side. This was fabricated from 50 v/o silica dispersed in the aqueous solution having a
refractive index of 1.418. The SLA parameters used were D_= 150 pm and E = 80
mJ/cm®. Each layer is 150 pum thick and 136 layers were built. The approx1mate build time
for this hollow box was about 4 hours.

Figure 4 shows a side view of two boxes built. The sides and the 45 degree angle are
built quite accurately, and there was no problem with interlayer adhesion. At the beginning
of fabrication, the layers started to curl, most likely due to insufficient supports and the
draw style we chose. A raster type draw style was used for the first two parts built and this
probably resulted in the curling effect shown in Figure 4. The tops of the boxes are
slightly rounded due to the recoat blade was not used during build. The z-wait time was
extended to 45 seconds to hopefully allow enough time for the new layer to equilibriate to a
flat surface.

Alumina

As shown in Figure 5, the depth of cure is still above the minimum limit of 200 pm for
alumina dispersed in the aqueous solution, with the refractive index of 1.418. Moreover,
even though the alumina powder has a much smaller particle size, it was easy to maintain a
fluid suspension at 50 v/o, with a viscosity of 500 mPa-s at low shear rates.

Figure 6 shows the cure depth versus dose for alumina dispersed in the diacrylate. It is
difficult to disperse ceramic powders in non-aqueous solutions, and the maximum solids
loading was 40 vol%. For doses larger than 200 mJ/cm?, the cure depth was greater than

* It should be noted that the results from the lamp apparatus were not significantly different from the laser
results in cure behavior.




200 pum, but the viscosity of the suspension was above 3000 mPa-s. Further rheological
studies should help determine the suitable dispersant to maintain a fluid suspension.

Figure 7a shows a representative windowpane for alumina dispersed in the diacrylate.
This windowpane was subsequently fired at 1550 °C, resulting in a dense alumina part as
shown in Figure 7b.

Theory

The two ceramic materials chosen in this work do not absorb ultraviolet radiation, only
scatter the radiation. Light attenuation in a concentrated suspension can be described by the
Equation 1. From this equation, there should be three linear relationships: 1) cure depth
versus log(E), 2) cure depth versus inverse volume fraction, and 3) cure depth versus
inverse of An’. Figure 8 shows the cure depth versus 1/¢ for silica and alumina in
aqueous solutions. All curves are linear, even at high solids loadings, supporting the
scattering equation, Equation 1. Figure 2 showed the cure depth versus dose for a variety
of 50 v/o silica suspensions. All curves have linear behavior, further supporting Equation
1.

Lastly, Figure 9 shows the cure depth versus the inverse of An’ for the suspensions of
Figure 2. This linear behavior supports that the refractive index difference is the
dominating factor controlling the depth of cure. Further theoretical aspects are discussed
elsewhere’.

Conclusions

In summary, the criterion for stereolithography of ceramics have been met: low
viscosity and large cure depth for silica and alumina in the aqueous solutions. The cure
depth can easily be modified by changing the refractive index.

Three-dimensional parts have been built using a SLA-250 with an Ar-ion laser.
Reasonably accurate parts with good interlayer adhesion were built. Further research in the
support structure and draw styles should eliminate the curl problems at the beginning of the
build.

These first ceramic objects built using stereolithography represent new ways to freeform
fabricate ceramic shells and cores, directly, and to fabricate structural ceramic parts.
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Table 1: Material properties for the ceramic and ultraviolet-curable solutions.

Material d, (um) n
silica 2.29 1.56
alumina 0.34 1.76
aqueous solutions - 1.382 - 1.441
diacrylate - 1.457

Table 2: Maximum solids loadings for ceramic suspensions and corresponding

viscosities.
Ceramic UV-Curable Viscosity (mPa-s)
max v/o Solution at 3 sec’
50 v/o silica all aqueous solutions 200 - 500
1.382 - 1.441
50 v/o alumina aqueous 500
1.382, 1.418
40 v/o alumina diacrylate > 3000
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